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N-methyl-D-aspartate (NMDA) receptors (NMDARs), a principal subtype
of excitatory neurotransmitter receptor, are composed as tetrameric as-
semblies of two glycine-binding GIuN1 subunits and two glutamate-
binding GIuN2 subunits. NMDARs can signal nonionotropically through
binding of glycine alone to its cognate site on GIuN1. A consequence
of this signaling by glycine is that NMDARs are primed such that
subsequent gating, produced by glycine and glutamate, drives re-
ceptor internalization. The GIuN1 subunit contains eight alterna-
tively spliced isoforms produced by including or excluding the N1
and the C1, C2, or C2' polypeptide cassettes. Whether GluN1 alter-
native splicing affects nonionotropic signaling by NMDARs is a ma-
jor outstanding question. Here, we discovered that glycine priming
of recombinant NMDARs critically depends on GluN1 isoforms lack-
ing the N1 cassette; glycine priming is blocked in splice variants
containing N1. On the other hand, the C-terminal cassettes—C1,
C2, or C2'—each permit glycine signaling. In wild-type mice, we
found glycine-induced nonionotropic signaling at synaptic NMDARs
in CA1 hippocampal pyramidal neurons. This nonionotropic signal-
ing by glycine to synaptic NMDARs was prevented in mice we engi-
neered, such that GluN1 obligatorily contained N1. We discovered in
wild-type mice that, in contrast to pyramidal neurons, synaptic
NMDARs in CA1 inhibitory interneurons were resistant to glycine
priming. But we recapitulated glycine priming in inhibitory interneu-
rons in mice engineered such that GluN1 obligatorily lacked the N1
cassette. Our findings reveal a previously unsuspected molecular
function for alternative splicing of GIuN1 in controlling nonionotropic
signaling of NMDARs by activating the glycine site.
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-methyl-D-aspartate (NMDA) receptors (NMDARs) are

heterotetrameric receptors found throughout the central
nervous system (CNS) and play critical roles in neuronal develop-
ment, synaptic plasticity, and disease (1, 2). NMDARs are assem-
bled as dimers of heterodimers each composed of a glycine-binding
GluN1 subunit and a glutamate-binding GluN2 subunit. Canonical
signaling by NMDARs is mediated by its ionotropic function initi-
ated through simultaneous binding of two molecules of each of the
coagonists glycine (or D-serine) and glutamate to the ligand-binding
domains in extracellular regions of the receptor, which produces
conformational changes that open the cationic conductance path-
way of the receptor complex (3, 4). However, a growing body of
evidence is increasingly demonstrating nonionotropic signaling
by NMDARSs, signaling which is not mediated by opening of
the ionic conductance pathway but which is nevertheless caused
through conformational changes that are transmitted across the
membrane resulting in molecular rearrangements and signaling
within the cell (5-10). Nonionotropic signaling by NMDARs,
often referred to as metabotropic signaling of the receptor, is
increasingly implicated in development, physiology, and disease,
and in novel actions of CNS drugs (11-13). A major unknown about
nonionotropic signaling by NMDARSs is the molecular controls on
this signaling.
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Here, we considered the possibility that there may be molecular
control over nonionotropic signaling embedded within the structure
of the NMDAR heterotetramer. We investigated this possibility by
taking advantage of the naturally occurring structural diversity in
the GluN1 and GIuN2 subunits (3, 14). GIuN1 is encoded by a
single gene, GRINI, with eight splice variants, whereas there are
four GRIN2 genes, encoding subunits GIuN2A to D (15). Each
of the GIuN1 variants together with any of the GluN2 isoforms is
competent to generate functional heterotetramers. Transcription
and processing of GRINI produces the eight messenger RNA
(mRNA) variants through inclusion or exclusion of exons 5 and
21 and incorporating either exon 22 or 22’ (Fig. 14). The polypeptide
cassettes encoded by these exons are referred to as N1, C1, C2,
and C2’, respectively (16, 17). The GluN1 splice isoforms are
referred to as follows (15): a, N1-lacking; b, N1-containing; 1-1,
C1- and, C2-containing; 1-2, Cl-lacking/C2-containing; 1-3, C1-
and C2’-containing; and 1-4, Cl-lacking/C2’-containing (Fig. 14).
Many important ionotropic characteristics of NMDA receptors
such as glycine and glutamate potency and voltage-dependent
blockade by Mg** are unaffected by the presence of N1 insert
(16-18). N-terminal splicing does affect NMDAR channel gating
kinetics (19-21), as well as modulation by pH, Zn>*, extracel-
lular polyamines (22), and long-term synaptic potentiation (23).
C-terminal GluN1 variants are implicated in processing NMDARs
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Fig. 1.  GIuN1 splice variants regulate glycine-primed NMDAR internalization in HEK293 cells. (A) Schematic of the eight alternative splice variants of GIuN1.
(B) Anti-GIuN1 labeling of impermeabilized HEK293 cells transfected with a GIuN1 splice variant and either GIuUN2A or GIuN2B, as indicated. Anti-GluN1
labeling was quantified using ELISA, and cell surface expression of GIuN1 was calculated after receptor priming (Glycine 100 uM, 5 min) and activation (NMDA
50 pM, Gly 1 uM, 5 min) relative to control ECS. The ELISA signal from cells expressing GIuN1 subunits lacking the N1 cassette decreased to a range from 42.9 +
13.1 to 76.8 + 5.2% of unprimed NMDARs, whereas the signal from cells expressing GIuN1 subunits containing the N1 cassette remained within the range of
91.2 + 6.8 to 129.5 + 24.3% of unprimed NMDAR:s. Statistical significance is indicated with *P < 0.05 and **P < 0.01 by Student’s t test. (C) Representative
confocal microscopy images of HEK293 cells expressing recombinant NMDARs with either BBS-tagged GluN1-1a or GluN1-1b, coexpressed with either
GIuN2A or GIuN2B. Internalized NMDAR receptors are visible in the red channel (BTX-Cypher5E) versus total NMDAR expression in the green channel
(BTX-AF488). Differential interference contrast images reveal the location of cells in the corresponding field of view with conditioning glycine (Glycine
100 pM) or NMDA+glycine treatment (NMDA 50 uM, Gly 1 uM). A high resolution version of this figure can be found on Figshare (DOI: 10.6084/m9.
figshare.14802654).

in the endoplasmic reticulum, Golgi, and export to the cell surface  rearrangement of the receptor C-terminal domain (7). Given the

(24, 25).

A striking example of nonionotropic NMDAR signaling is that
glycine binding to its cognate extracellular site on GluN1, with-
out binding of glutamate to its cognate site, drives intracellular
signaling through recruiting the AP2 endocytic adaptor complex
(10, 12, 26). Activating the glycine-binding site has been shown
to cause transmembrane changes resulting in conformational
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diversity of GluN1 isoforms in the CNS and linkage of splicing
to disease (23, 27), we focused on effects of alternative splicing
of GRINI on glycine-induced signaling by NMDARs. We ex-
amined glycine-induced signaling with all eight splice isoforms with
heterologously expressed NMDARs and then with representative
isoforms in mice engineered to express only GluN1a or GluN1b
variants.
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Results

N1 Cassette in GIuN1 Prevents Glycine-Primed Internalization of
Recombinant NMDARs. To investigate whether alternative splicing
of Grinl affects nonionotropic glycine signaling, we cotransfected
HEK?293 cells with one of the eight GluN1 splice variants together
with either GluN2A or GIuN2B. We verified that each of the
constructs led to expression of protein which was trafficked to the
cell surface (SI Appendix, Fig. S1). The enhanced AP2 association
caused by glycine primes NMDARs for subsequent internalization
initiated by simultaneous binding of both coagonists glycine and
glutamate (10). We probed for glycine-primed internalization
in two steps using a previously validated assay (26). The cells
were conditioned with extracellularly applied glycine (100 pM), a
concentration we previously found to prime subsequent internal-
ization of GluN1-1a—containing NMDARs (10, 26). The cells were
treated with control extracellular solution (ECS) or with ECS
containing NMDA (50 uM) plus glycine (1 pM) (NMDA+glycine
treatment). Cells were fixed without permeabilization, and the cell
surface expression of NMDARSs was quantified by enzyme-linked
immunosorbent assay (ELISA). For NMDARs expressing GluN1
isoforms lacking the N1 cassette (i.e., the “a” isoforms), we found
that after conditioning glycine and NMDA +glycine treatment,
the surface level was significantly less than the surface level after
conditioning glycine and treating with ECS (Fig. 1B). The glycine-
primed decrease in NMDAR surface level of the “a” isoforms was
observed irrespective of intracellular GluN1 C-tail variants or
whether GIuN1 was coexpressed with GIuN2A or with GluN2B
(Fig. 1B). By contrast, the surface levels of NMDARSs expressing
the “b” isoforms were not affected by conditioning glycine and
NMDA +glycine treatment regardless of the GluN1 C-tail variants
or coexpression with GIuN2A or GluN2B. Thus, there was a striking
difference between NMDAR isoforms lacking the N1 cassette, all
of which showed glycine-primed internalization, as compared with
isoforms containing the N1 cassette in GluN1, none of which showed
glycine-primed internalization. Given this difference, we focused
our subsequent investigations with recombinant NMDARs on
those composed of GluN1-1a or GluN1-1b as representative of
receptors, lacking or containing, respectively, the N1 cassette of
the GluN1 subunit.

As an approach to test for glycine-primed internalization in
addition to ELISA, we visualized changes in NMDAR surface
expression by expressing GluN1 subunits in which we had inserted
a bungarotoxin binding site (BBS) into the N terminus of each
isoform. We have previously established for NMDARSs containing
GluNI1-1a that BBS labeling has no effect on cell surface expres-
sion or function (26). At the beginning of each experiment, we
labeled cell surface BBS-NMDARs with a-bungarotoxin (BTX)
conjugated with CypHer5SE, a dye which is fluorescent only in acidic
pH (28), as found in the lumens of endosomes. Then, at the end of
the experiment, we labeled BBS-NMDARs with BTX-conjugated
Alexa Fluor 488 (BTX-AF488) to visualize NMDARS remaining on
the cell surface. In cells only conditioned with glycine or only
treated with NMDA +glycine, we found no CypHerSE fluorescence
above background, whereas AF488 was readily detected on cells
regardless of NMDAR composition (Fig. 1C). Thus, neither glycine
alone nor NMDA +glycine alone caused endocytosis for GluN1-1a
or GluN1-1b with either GluN2A or GluN2B subunits. On the
other hand, bright CypHerSE fluorescence was observed in cells
expressing GluN1-1a, together with GIuN2A or GluN2B, follow-
ing conditioning with glycine and treatment with NMDA +glycine,
indicating that NMDAR endocytosis had occurred (Fig. 1C, Left
Lower). However, in cells expressing GluN1-1b, conditioning
with glycine and treatment with NMDA +glycine failed to drive
Cypher5E fluorescence with either GluN2 subunit (Fig. 1C). Thus,
our observations from imaging were consistent with those from
ELISA, and from these convergent findings, together, we con-
clude that the presence of N1 cassette in GluN1 subunits prevents
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glycine-primed NMDAR internalization (i.e., the absence of the
N1 cassette permits NMDAR internalization upon conditioning
with glycine and treatment with NMDA +glycine).

N1 Cassette Prevents Glycine-Primed Depression of Recombinant
NMDAR Currents. We previously observed with recombinant
NMDARSs containing GluN1-1a that conditioning glycine causes a
progressive, use-dependent decline of NMDA-evoked currents
(10, 26). To examine the effect of the N1 cassette of GIuN1 on
NMDAR currents following glycine conditioning, we performed
whole-cell patch-clamp recordings from HEK293 cells cotrans-
fected with GluN1-1a or GluN1-1b together with either GIuN2A
or GIuN2B subunits. NMDAR currents were evoked by applying
NMDA (50 uM) plus glycine (1 pM) at 60-s intervals (Fig. 2).
After a stable baseline current response had been established,
the NMDA +glycine applications were temporarily suspended, at
which time glycine in ECS or ECS was applied. The competitive
glutamate-site antagonist D-APV (100 uM) was included to pre-
vent the possibility of NMDA channel gating. We found that for
the first several applications after resuming the NMDA +glycine
applications, the amplitude of NMDAR currents in cells condi-
tioned with glycine was not different from that in cells receiving
ECS. Subsequently, in cells expressing NMDARSs containing
GluN1-1a with either GluN2A or GluN2B and conditioned with
glycine+D-APV, we found that NMDAR currents progressively
decreased in amplitude. The level of the currents 20 min after
conditioning was significantly less than that of NMDAR currents
from cells conditioned with ECS+D-APV without glycine (Fig. 2.4
and B). By contrast, in cells expressing GluN1-1b together with
GluN2A or with GluN2B, applying glycine+D-APV did not cause a
significant decline in evoked current versus applying the ECS+D-
APV control (Fig. 2 C and D). Taking these findings together, we
conclude that inclusion of the N1 cassette in GluN1 prevents the
glycine-primed decrease of NMDAR-mediated currents.

N1 Cassette Prevents Glycine-Primed Recruitment of AP2 to Recombinant
NMDARs. The hallmark of glycine priming of NMDARs is recruit-
ment of the AP2 protein complex upon glycine stimulation, which
readies the receptor for subsequent internalization (10). Therefore,
we investigated whether including the N1 cassette of GluN1 affects
glycine-stimulated recruitment of AP2. To this end, we immuno-
precipitated the p-2 subunit of AP2 from HEK293 cells expressing
GluN1-1a or GluN1-1b together with GluN2A or GIuN2B after
conditioning with glycine+D-APV or only D-APV in ECS (Fig. 2
E-G). With cells expressing GluN1-1a, conditioning with glycine
led to a significant increase in the amount of this GluN1 subunit
coimmunoprecipitating with AP2. Conditioning with glycine in-
creased coimmunoprecipitation of GluN1-1a in cells cotransfected
with GluN2A or with GluN2B. However, glycine conditioning
did not change the amount of GluN1-1b—containing NMDARSs
coimmunoprecipitating with AP2 (Fig. 2 E-G).

Overall, for recombinantly expressed NMDARs, we found that
including the N1 cassette in GluN1 prevents the following: 1)
glycine-primed loss of NMDARs from the cell surface, 2) glycine-
primed internalization of NMDARs into acidic organelles, 3)
glycine-primed decline of NMDAR currents, and 4) glycine-
stimulated recruitment of AP2 to the NMDAR complex. That
is, the indicia of glycine priming (13) are prevented by the N1
cassette of GluN1 in heterologously expressed NMDARSs acti-
vated by exogenous agonists.

Glycine Primes a Decline in Synaptic NMDAR Currents in Hippocampal
CA1 Pyramidal Neurons from Rats and Mice. To assess the effect of
glycine on native NMDARs activated endogenously, we investi-
gated NMDAR excitatory postsynaptic currents (EPSCs) in CAl
pyramidal neurons in ex vivo hippocampal slices. NMDAR EPSCs
were pharmacologically isolated by blocking AMPA and GABA 4
receptors with bath-applied CNQX and bicuculline, respectively.
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Fig. 2. N1 cassette prevents the glycine priming-induced decrease of NMDAR current in HEK293 cells. Time series of normalized NMDAR peak current
evoked by 50 pM NMDA and 1 pM glycine following conditioning treatment with ECS containing 100 M glycine and D-APV (Gly, filled circles) or ECS
containing D-APV (open circles) from HEK293 cells expressing the following: (A) GIuN1-1a/GIuN2A receptors (58.9 + 3.8 versus 88.4 + 5.8%, n = 6 and 7,
respectively, **P < 0.01); (B) GIuN1-1a/GIuN2B receptors (58.1 + 3.8 versus 87.3 + 2.5%, n = 5 and 7, respectively, ***P < 0.001); (C) GIuN1-1b/GIuN2A receptors
(91.3 + 8.6, versus 88.6 + 8.0, n = 4 and 5 per group); and (D) GIuN1-1b/GIuN2B receptors (84.8 + 3.5% versus 92.5 + 8.6, n = 5 and 4, respectively). All values
are calculated from the end of each recording. Bath application is denoted by the gray bar. At the Bottom of each panel are representative averaged traces
from five consecutive evoked currents at the indicated times (1, 2). (Scale bar, 100 pA, 1 sec.) (E) Representative immunoblot of GIuN1 and p2-adaptin after
immunoprecipitation by anti-p2-adaptin of HEK293 cell lysates expressing GIuN1-1a or GIuN1-1b together with GIuN2A (Top) or GIuN2B (Bottom) after cells
were conditioned with ECS+D-APV or ECS+glycine+D-APV. (F and G) Histogram of average GIuN1/p2-adaptin ratio following conditioning with 100 pM glycine
and D-APV in HEK293 cells expressing (F) GIuN1-1a/GIuN2A (191.9 + 19.2%) versus GIuN1-1b/GIuN2A (126.1 + 9.8%, *P < 0.05) and (G) GluN1-1a/GluN2B

(153.3 + 12.3%) versus GIuN1-1b/GIuN2B (110.2 + 22.5%, *P < 0.05). Student'’s t test is used for all statistic comparisons.

Synaptic responses were evoked by stimulating Schaffer collateral
inputs every 10 s; NMDAR EPSCs were recorded with the
membrane potential held at +60 mV. After establishing a stable
baseline amplitude of NMDAR EPSCs, we conditioned the slices
by bath applying glycine in artificial cerebrospinal fluid (ACSF) or
ACSEF alone (e.g., Fig. 34). In recordings from pyramidal neurons
in slices from Sprague-Dawley rats, we found that glycine condi-
tioning led to a gradual decrease in NMDAR EPSC amplitude to
a level significantly less than that observed with conditioning with
ACSEF alone (Fig. 3.4 and B). To test whether the decline in NMDAR
EPSCs was mediated by dynamin (13), we made recordings in
which the intracellular solution was supplemented with dynasore
(50 uM), a small molecule inhibitor of dynamin (29). We found
that, during recordings in which dynasore was included in the in-
tracellular solution, conditioning with bath-applied glycine did not
induce the decline in NMDAR EPSC amplitude observed in re-
cordings lacking intracellular dynasore (Fig. 3.4 and B). We noted
that just after resuming the Schaffer collateral stimulation, the
amplitude of NMDAR EPSCs from all treatment conditions had
increased slightly, as compared with the baseline level. This slight
and transient increase of NMDAR EPSCs might have resulted from
the cease of presynaptic stimulation for the duration of glycine
treatment because the magnitude of increase was indistinguishable
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from all treatment conditions and the EPSCs returned to baseline
within two minutes (Fig. 34). The transient increase in EPSCs was
not observed when stimulation was continued during the glycine
application. Therefore, we used this approach in the remainder of
our studies.

In hippocampal slices from wild-type (WT) C57BL/6 mice, we
observed that conditioning with bath-applied glycine produced a
significant decrease in NMDAR EPSCs in CA1 pyramidal neurons
(Fig. 3 C and D). As in rat CAl neurons, intracellular application
of dynasore via the patch pipette prevented the glycine-primed
decrease in NMDAR EPSCs (Fig. 3 C and D). We compared the
current-voltage relationship and reversal potential of NMDAR-
EPSCs at the beginning and the end of each recording and found
that glycine conditioning reduced the slope conductance but did not
change the reversal potential (Fig. 3E). In addition, we found that
glycine treatment led to a decrease of NMDAR EPSCs in neurons
recorded continuously at holding potential of —10 mV (SI Appendix,
Fig. S2). Thus, the glycine-primed depression did not depend upon
the neuron membrane potential being held at +60 mV, and this de-
pression was not caused by a change of driving force for NMDARSs.
To test the possibility that conditioning with glycine might non-
specifically depress excitatory synaptic transmission at Schaffer-
CA1 pyramidal neuron synapses, we examined pharmacologically
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Fig. 3. Glycine-primed decline in synaptic NMDAR current is dynamin dependent in rats and mice. (A) Scatter plot of NMDAR EPSC peak amplitude over time
from rat CA1 pyramidal neurons recorded following 5 min of bath-applied ACSF (gray), glycine (Gly 0. 2 mM, blue), or glycine (0.2 mM) with intracellularly
applied dynasore (50 pM, green). Bath application is denoted by the white bar. Representative average NMDAR EPSC traces were recorded at membrane
potential of +60 mV at the times indicated (1, 2). (B) Histogram of averaged NMDAR EPSCs measured before (baseline) and after treatment of ACSF (89.9 +
4.4%, n = 6, gray), glycine (61.0 + 2.9%, n = 12, blue, ***P < 0.001 versus ACSF), or dynasore (85.7 + 6.9%, n = 6, green, ***P < 0.001 versus glycine, one-way
ANOVA). (C) Representative average NMDAR EPSC traces from mouse CA1 pyramidal neurons recorded at baseline and 20 min after bath-applied treatment
of glycine (Gly 1 mM, 10 min, blue) or glycine plus dynasore (50 uM in intracellular solution, purple). (D) Histogram of average NMDAR EPSC peak amplitudes
measured before (baseline) and after treatment with ACSF (98.9 + 4.1%, n = 6, gray), glycine (67.7 + 3.6%, n = 15, blue, ***P < 0.001 versus ACSF), and in-
tracellularly applied dynasore (94.0 + 4.7%, n = 6, green, ***P < 0.001 versus glycine, one-way ANOVA). (E) Scatter plots with representative traces showing the
current (I)-voltage (V) relationship and reversal potential of NMDAR EPSCs before (white) and 25 min after glycine treatment (1 mM, 10 min, blue). Statistical
significance (*P < 0.05) was detected at holding potential of =10 mV, +30 mV, +40 mV, +50 mV, and +60 mV (n = 12, P < 0.05 between two plots, two-way
ANOVA). (F) Histogram of averaged p2-adaptin/GluN1 ratio with glycine treatment (Gly TmM, 10min) in hippocampal slices from wild-type mice (135.0 + 8.10%,
n =13, ***P < 0.001 versus ECS, Student’s t test). (Top) Representative immunoblot of GIuN1 and p2-adaptin after anti-GluN1 immunoprecipitation.

isolated AMPAR EPSCs (SI Appendix, Fig. S3). We found that
conditioning with bath-applied glycine had no effect on the syn-
aptic AMPAR responses and thus glycine did not cause depression
of excitatory transmission nonspecifically. We take these findings
together as evidence that glycine primes a persistent, dynamin-
dependent depression of NMDAR EPSCs at Schaffer pyramidal
neuron synapses in CAl in rats and mice.

Glycine Stimulation Drives Association of AP2 with NMDARs from
Wild-Type Mouse Hippocampal Slices. As glycine primes a decline in
synaptic NMDAR currents in hippocampal CA1 pyramidal neurons
from rats and mice, we wondered whether glycine caused recruitment
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of AP2 to the NMDAR complex in the hippocampus. We used
coimmunoprecipitation of AP2/NMDAR complexes from hippo-
campal slices from wild-type C57BL/6 mice. Slices were conditioned
with either control ECS or ECS+glycine in the presence of D-APV.
We observed that glycine conditioning induced a significant
increase in AP2/NMDAR association in mouse slices (Fig. 3F),
which is consistent with our previous observation that glycine
conditioning enhances the association of AP2 with NMDARs in
rat hippocampal slices (10). From our findings, we conclude that
glycine conditioning primes depression of synaptic NMDAR cur-
rents and enhances association of AP2 with the NMDAR complex
for native receptors.
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N1 Cassette of GluN1 Prevents Glycine-Primed Decline in Synaptic
NMDAR Currents in Hippocampal CA1 Pyramidal Neurons. In the adult
rodent hippocampus, Grin mRNA is a mixture of transcripts that
contain or that lack exon 5 (30, 31). Thus, native NMDARs are
predicted to be a mixture in which there are receptors with GluN1
subunits containing the N1 cassette and those with GluN1 lacking
this cassette. That synaptic NMDARs are normally composed of a
mixture of N1-containing and N1-lacking GluN1 is consistent with
findings comparing wild-type mice with genetically modified mice
either constitutively lacking Grinl exon 5 (GrinI*’ termed GluNla
mice; Fig. 44) or obligatorily expressing Grinl exon 5 (Grinl**°
termed GluN1b mice) (21, 23). To investigate the role of the N1
cassette of GIuN1 in glycine-primed depression of synaptic
NMDARS at Schaffer collateral synapses onto pyramidal neurons,
we compared the effects of glycine conditioning on NMDAR EPSCs
in GluN1a versus GluN1b mice. Such a comparison is experimentally
appropriate because basal synaptic transmission at these synapses
in GluN1a mice is not different from basal transmission in GluN1b
mice (21, 23). Here, we found that glycine conditioning led to a
significant decrease in NMDAR EPSCs in CA1 pyramidal neurons
in hippocampal slices from GluNla mice (Fig. 4 A and B). The
proportionate depression of NMDAR EPSCs caused by condi-
tioning glycine in GluN1a pyramidal neurons was not different from
that of the glycine-primed depression in the wild type (Fig. 4B). In
contrast to GluN1-1a, in CA1l pyramidal neurons in slices obtained
from the GluN1b mice, conditioning with bath-applied glycine
failed to produce a change in the amplitude of NMDAR EPSCs
(Fig. 4 A and B).

N1 Cassette Prevents Glycine-Primed Recruitment of AP2 to Recombinant
NMDARs. As forcing GluN1 subunits to contain the N1 cassette
prevented glycine-primed depression of NMDAR EPSCs at Schaffer
collateral synapses, we wondered whether the absence or presence
of the N1 cassette of GluN1 affects glycine-stimulated recruitment
of AP2 to the NMDAR complex in the hippocampus. We used
coimmunoprecipitation of AP2/NMDAR complexes from hip-
pocampal slices from GluN1la or GluN1b mice. Slices were condi-
tioned with either control ECS or ECS+glycine. We observed that
glycine conditioning induced a significant increase in AP2/NMDAR
association in slices from GluNla mice (Fig. 4C). However, con-
ditioning with glycine did not change AP2/NMDAR association
that was observed in slices from GluN1b mice (Fig. 4C).

From our findings, we conclude that glycine conditioning primes
depression of synaptic NMDAR currents and enhances association
of AP2 with the NMDAR complex only for native receptors in
which GIuN1 subunits lack the N1 cassette. That is, expression of
GluNT1 subunits containing the N1 cassette prevents glycine-primed
enhancement of AP2 association with NMDARSs and also prevents
depression of NMDAR ESPCs at Schaffer collateral synapses of
pyramidal cells.

Glycine-Primed NMDAR Internalization Is Absent in Hippocampal
Interneurons. Schaffer collaterals make excitatory synapses onto
inhibitory interneurons, as well as onto pyramidal cells in CAL.
Thus, we tested whether glycine-primed depression of NMDAR
EPSCs generalizes to other excitatory synapses in CA1l hippo-
campus. We made whole-cell patch-clamp recordings from in-
terneurons dispersed within the stratum radiatum. We established
that neurons recorded in stratum radiatum were interneurons
using current clamp mode (Fig. 5 A-C). These neurons showed
a distinctive firing pattern and action potential peak amplitude in
response to depolarizing current injection (Fig. 5 4 and B), and
the amplitude of their afterhyperpolarization was much larger
than that of pyramidal cells (Fig. 5C). Moreover, dye-filled cells
showed morphological characteristics of stratum radiatum inter-
neurons (Fig. 5B). To our surprise, we found that glycine condi-
tioning had no effect on the amplitude of NMDAR EPSCs recorded
from stratum radiatum interneurons in wild-type C57BL/6J mice
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(Fig. 5 D and E). The lack of effect of glycine on interneurons
contrasted with recordings from pyramidal neurons in these mice
where we observed that conditioning with glycine produced a
gradual and sustained decrease in NMDAR EPSC amplitude
(Fig. 5 D and E), as expected from our findings above. Thus,
glycine-primed depression of NMDAR EPSCs does not generalize
to all excitatory synapses.

We considered the possibility that the lack of glycine-primed
depression of NMDAR EPSCs was due to lack of GluNla-
containing NMDARs at the Schaffer collateral synapses onto in-
hibitory interneurons. As such, we predicted that forcing expres-
sion of only GluNla-containing NMDARs at these synapses
would recapitulate glycine-primed depression of the synaptic
NMDAR currents. Consistent with this prediction, we found that
glycine conditioning caused a use-dependent, progressive decline
in NMDAR EPSCs recorded from stratum radiatum interneurons
in hippocampal slices taken from GluN1la mice (Fig. 5 F and G).
Moreover, we found that neither the rate nor the extent of the
glycine-primed decrease in NMDAR EPSCs in interneurons in
GluNla mice were different from those of the decrease in
NMDAR EPSCs in pyramidal cells (Fig. 5F). Importantly, forcing
expression of GluNla-containing NMDARs did not alter the
fundamental characteristics of these neurons—the firing pattern
or after hyperpolarization—that differentiate them from pyrami-
dal neurons (SI Appendix, Fig. S4). Hence, we were clearly re-
cording from interneurons in the slices from GluNla mice. Thus,
preventing expression of NMDARs with GluN1b (i.e., allowing
only expression of GluNla NMDARs) abrogated the lack of
glycine-primed depression of NMDAR EPSCs in interneurons in
CA1 hippocampus.

D-Serine Phenocopies the Effects of Glycine on Synaptic NMDARs. For
synaptic NMDARs, there is evidence that endogenous ligand for
GluNT1 is D-serine rather than glycine (32, 33). Therefore, we
investigated whether D-serine can prime synaptic NMDARs and
whether this effect depends on splicing of the GluN1 N1 cassette.
In our experiments on priming synaptic NMDARS by glycine, the
AMPARs antagonist CNQX was used to isolate NMDAR EPSCs.
To exclude the possible effect of CNQX on the glycine binding site
of NMDARSs (34), in the remainder of our studies we employed
NBQX, an AMPAR antagonist that does not bind to the glycine
site of NMDARs (35). Using NBQX did not alter the glycine-primed
depression of NMDAR EPSCs in recordings from pyramidal neurons
in slices from wild-type mice (Fig. 6 A and B and SI Appendix, Fig.
S5B). For testing D-serine, we found that applying this coagonist
led to a progressive decrease in NMDAR EPSC amplitude in
wild-type pyramidal neurons (Fig. 6 4 and B and SI Appendix, Fig.
S5 A and B). Strikingly, the magnitude of the decrease induced by
applying D-serine was not different from that caused by glycine.

To investigate the role of the N1 cassette of GluN1 in D-serine—
primed depression of synaptic NMDARSs at pyramidal neurons,
we compared the effects of D-serine conditioning on NMDAR
EPSCs in GluNla versus GluN1b mice. We found that D-serine
conditioning led to a significant decrease in NMDAR EPSCs in
pyramidal neurons in hippocampal slices from GluNla mice
(Fig. 6 C and D). In contrast to GluN1a, in pyramidal neurons in
slices from GluN1b mice, bath-applied D-serine failed to produce
a significant change of the amplitude of NMDAR EPSCs (Fig. 6 C
and D).

In contrast to pyramidal neurons, D-serine conditioning did not
produce a change in the amplitude of NMDAR EPSCs in CA1
stratum radiatum interneurons in slices from wild-type mice
(Fig. 6 C and D). By contrast, we found that D-serine did cause a
progressive decline in NMDAR EPSCs recorded from stratum
radiatum interneurons in slices taken from GluNla mice (Fig. 6 C
and D). Thus, forcing expression of only GluNla-containing
NMDARs at these synapses recapitulated D-serine—primed de-
pression of the synaptic NMDAR currents in interneurons. Taken
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Fig. 4. Glycine-primed decline in synaptic NMDAR current is dependent on the exclusion of the N1 cassette. (A, Top) Schematic representation of Grin1 loci
for GluN1a and GIuN1b mice depicting removal of exon 5 (Grin1°) or fusion of exons 4 to 6 (Grin14*%). (Bottom) Representative average NMDAR EPSC traces
from GluN1a (blue) and GluN1b (red) mice CA1 pyramidal neurons recorded at baseline (black) and 20 min after bath-applied treatment of glycine (Gly 1 mM,
10 min). (B) Histogram of averaged NMDAR EPSCs peak amplitude measured before glycine treatment as baseline and at the end of each recordings shown as
the following: GluN1a (60.8 + 4.8%, n =13, ***P < 0.001 versus baseline, dark blue), GluN1b (94.8 + 4.2%, n =7, P> 0.05 versus baseline, red), and WT (67.7 +
3.6%, n = 15, blue, same data as Fig. 3D Gly). (C) Histogram of averaged p2-adaptin/GluN1 ratio with glycine treatment (Gly TmM, 10 min) in hippocampal
slices from GIluN1a (250.9 + 43.0%, n = 6, **P < 0.01 versus ECS, blue) and GIluN1b mice (108.4 + 5.4%, n = 11, P > 0.05 versus ECS, red). (Top) Representative

immunoblot of GIuN1 and p2-adaptin with GIuN1 immunoprecipitation. Student’s t test was used for all statistic comparisons.

together, the findings indicate that the priming effect of D-serine
in hippocampal pyramidal neurons depends on GluNla-containing
NMDARs.

The absence of glycine- or D-serine—primed depression of
NMDAR EPSCs in stratum radiatum interneurons from wild-type
mice may be the consequence of these neurons expressing
GluN1b-containing NMDARSs. As a separate approach to exam-
ine the N1 status of NMDARSs at the Schaffer collateral synapses
onto inhibitory interneurons, we took advantage of observations
that recombinant NMDARSs composed of N1 cassette—containing
GluN1 exhibit faster deactivation rates than those without the N1
cassette (19, 20). In wild-type mice, we found that the decay times
of the NMDAR EPSCs in pyramidal cells (230.3 + 11.6 ms, n = 10)
was longer than that in interneurons (162.8 + 13.7 ms,n =9, P <
0.05 Student’s ¢ test). In pyramidal cells, the decay times of NMDAR
EPSCs were GluN1a > wild type > GluN1b (SI Appendix, Fig. S6B).
By contrast, in interneurons, the NMDAR-EPSC decay times were
GluNla >> wild type ~ GluN1b (SI Appendix, Fig. S6D). We interpret
these findings as evidence supporting the conclusion that, in inter-
neurons in wild-type mice, synaptic NMDARSs are composed pre-
dominantly, if not exclusively, of N1-containing GluN1 subunits.
Thus, we conclude that the lack of glycine-primed depression of
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NMDAR EPSCs in inhibitory interneurons in the wild type is
due to lack of GluN1a-containing NMDARSs at Schaffer collateral
synapses on these interneurons.

Discussion

Here, we find that alternative splicing of GRINI differentially gates
glycine priming of NMDARSs. Using heterologously expressed
recombinant NMDARS, we observed that receptors lacking the
N1 cassette in GluN1 show glycine-stimulated recruitment of AP2,
glycine-primed NMDAR internalization, and glycine-primed de-
pression of NMDAR currents. In stark contrast, we discovered
that recombinant NMDARs with GIuN1 containing the N1 cassette
failed to show any of these three signature features of nonionotropic
NMDAR signaling caused by glycine. The lack of glycine-stimulated
nonionotropic signaling was observed regardless of which of the
C-terminal cassettes (C1, C2, and C2’) of GluN1 was present. That
is to say, the permissive effect of the lack of N1 was observed, re-
gardless of the C-terminal cassette. Moreover, the blockade glycine
priming by the N1 cassette—the permissive effect of its lack—was
found with recombinant NMDARSs containing either GluN2A or
GluN2B. Thus, the splicing of exon 5, but not splicing of other
GluN1 exons, uniquely controls priming by glycine, and the effects
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Fig. 5. Glycine-primed NMDAR internalization is inhibited in hippocampal interneurons. (A) Representative traces of voltage responses to hyperpolarizing
current (—200 pA, 600 ms) and action potentials to depolarizing current injections recorded in CA1 pyramidal neurons (+160 pA, 600 ms) and interneurons
(+60 pA, 600 ms). (B) Plot of average action potential peaks in a train normalized to the first action potential for both cell types. (Inset, Left) Diagram of a
hippocampal slice showing recordings on CA1 pyramidal neuron (Pyr) and interneuron (intN) projected by Schaffer collaterals inputs. (Inset, Right) Two-
photon imaging of an interneuron from CA1 stratum radiatum loaded with Alexa Fluor 594 via a patch pipette. (Scale bar, 100 pm.) (C) Histogram of after-
hyperpolarization potentials (AHPs) for both cell types. (Top) Representative traces of single action potential and AHPs evoked by rheobase depolarizations.
(D) Scatter plot of NMDAR EPSC peak amplitude over time from mouse CA1 pyramidal (blue) and interneurons (red) recorded with treatment of 10 min bath-
applied glycine (0.2 mM, white bar). The magnitudes of NMDAR EPSCs amplitude at time point 2 were as follows: Pyr (65.5 + 3.9%, n = 7) versus intN (98.9 +
5.4%, n =6, ***P < 0.001). (E) representative average NMDAR EPSC traces recorded at membrane potential of +60 mV at the times indicated in 1 and 2. (F)
Scatter plot of NMDAR EPSC peak amplitude over time from GluN1a mouse CA1 pyramidal (purple) and interneurons (dark red) recorded with treatment of
10 min bath-applied glycine (0.2 mM, open bar). The magnitudes of NMDAR EPSCs amplitude at time point 2 were as follows: Pyr (57.7 + 7.8%, n = 6) versus
intN (57.8 + 5.9%, n = 6, P> 0.05). (G) representative average NMDAR EPSC traces recorded at membrane potential of +60 mV at the times indicated in 1 and
2. Student'’s t test used for all statistic comparisons. A high resolution version of this figure can be found on Figshare (DOI: 10.6084/m9.figshare.14802663).

of the presence, or lack, of exon 5 occur, regardless of which
GluN2 subunit the receptor is composed.

As glycine priming is initiated by binding of glycine to the re-
ceptor (13), it is conceivable that the lack of this glycine-induced
nonionotropic signaling by NMDARs with the N1 cassette in
GluN1 might be due simply to a lack of glycine efficacy on such
receptors. We previously identified a single-amino acid substitu-
tion, A714L, in the ligand binding domain of GluN1 that likewise
prevents glycine priming (26). The A714L mutation dramatically
reduces the potency of glycine to induce channel gating, and this
reduced binding efficacy is a simple explanation as the cause of
the lack of the ability of that mutant receptor to undergo glycine
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priming. However, here, neither the potency nor efficacy of glycine
for its ionotropic effect (i.e., channel gating when glycine is bound
to the receptor together with glutamate) are compromised in re-
ceptors containing the N1 cassette (20, 23). Thus, a simple lack of
glycine binding or ability of glycine binding to stabilize an altered
conformation of the receptor cannot be the mechanism for the
blockade of priming by the N1 cassette. As a corollary, reduction
of glycine binding is not a prerequisite to block nonionotropic
signaling by GluN1.

We have proposed a schema for glycine priming of NMDARs
whereby binding of glycine to its cognate site in GluN1, in the ab-
sence of binding of glutamate to GluN2, is coupled to conformational
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Fig. 6. D-serine primes depression of synaptic NMDARs. (A) Scatter plot of
NMDAR EPSC peak amplitude over time from mouse CA1 pyramidal neurons
recorded with 10 min treatment (black bar) of bath-applied D-serine
(0.1 mM) or glycine (0.2 mM). The magnitudes of NMDAR EPSCs amplitude
at time point 2 were as follows: D-serine (53.0 + 4.0%, n = 9) and glycine
(55.4 + 4.0%, n = 6). (B) Representative average NMDAR EPSC traces recor-
ded at membrane potential of +60 mV as the times indicated (1, 2) in A in
the presence of NBQX. (C) Representative average NMDAR EPSC traces
recorded at membrane potential of +60 mV before (1) and 30 min after
D-serine treatment (2) in the presence of NBQX. Traces recorded from py-
ramidal neurons shown as GluN1a (blue), GluN1b (dark red), and traces from
interneurons shown as wild type (orange), GluN1a (purple). (D) Histogram of
averaged NMDAR EPSCs peak amplitude measured at 30 to 35 min after
D-serine conditioning: Pyramidal neuron (Pyr) GluN1a (blue, 52.4 + 4.9%, n =
8) versus GIuN1b (dark red, 87.1 + 2.7%, n = 6, ***P < 0.001) and Inter-
neuron (intN) GluN1a (purple, 65.3 + 4.9%, n = 6) versus wild type (orange,
89.9 + 3.0, n =9, ***P = 0.001). One-way ANOVA test was used for all sta-
tistic comparisons, a statistically significant difference (***P < 0.001).

changes in the receptor complex initiated in the extracellular re-
gion that are transmitted across the plasma membrane where,
intracellularly, these changes cause molecular rearrangement of
the intracellular portions of the receptor allowing the binding of
the AP2 complex (13). Such transmembrane signaling is supported
by observations made by fluorescence resonance energy transfer
(FRET)-based fluorescence lifetime imaging (FLIM) that D-serine
rapidly induces a conformational change of the GluN1 intracellular
C terminus region (7).

As a consequence of the intracellular molecular rearrangements,
the AP2-bound state of the NMDAR is then able to undergo
dynamin-dependent endocytosis upon the ligation of the receptor
by glutamate and glycine. As we presently find that glycine does
not recruit AP2 to NMDARs composed of N1-containing GluN1,
we hypothesize that the N1 cassette prevents, or does not permit,
the conformation rearrangements required to couple the binding
glycine extracellularly to the recruitment of AP2 intracellularly.
This effect of the N1 cassette could come about in a number broad
conceptual ways: 1) by N1 sterically preventing the receptor from
taking on the conformation (or by destabilizing this conformation)
that links binding of glycine to transmembrane signaling, 2) by N1-
containing receptors still signaling across the membrane but
through conformational rearrangements that prevent or don’t
permit the intracellular binding of AP2, 3) by the presence of N1
changing extracellular or intracellular posttranslational modifications
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in GluN1, or GluN2 subunits, that are necessary for transmem-
brane signaling or recruitment of AP2, or 4) by the presence of N1
causing changes in the composition of accessory proteins, lipids, or
other molecules in the NMDAR complex—associated proteins, such
that a molecule necessary for transmembrane signaling or re-
cruitment of AP2 is missing or a molecule blocking these steps is
recruited. Cryogenic electron microscopy structural data have revealed
that the 21 amino acid residues of the N1 cassette are strategically
positioned at the interface of the amino-terminal domain and the
glycine ligand-binding domain between GluN1 and GluN2 subunits
(14). This interfacial localization may support any of these four
broad ways in which the N1 cassette could prevent glycine priming.
Hence, our present findings open up a number of mechanistic
possibilities to be addressed in the future.

Glycine-primed depression of NMDAR currents had only been
previously shown for NMDAR-mediated responses evoked by
exogenous agonists in acutely isolated hippocampal neurons or in
spontaneous EPSCs in cells in culture (10). Here, we demonstrate
that NMDAR EPSCs at Schaffer collateral synapses in CAl py-
ramidal neurons in acute hippocampal slices from wild-type
mice are primed by glycine or D-serine for subsequent dynamin-
dependent depression when the synaptic receptors are activated.
We also demonstrate that glycine treatment causes recruitment of
AP2 to the NMDAR complex in mouse hippocampal slices. Thus,
our present findings extend previous observations on the effects
of glycine on native NMDARSs and indicate that glycine priming
occurs at NMDARS at synapses ex vivo.

In contrast to our findings in the wild type, in slices from
GluN1b mice, NMDAR EPSCs at Schaffer collateral synapses in
pyramidal neurons did not show glycine or D-serine—primed de-
pression, nor was AP2 recruited to the NMDAR complex by
glycine in GluN1b mice. On the other hand, in GluN1a mice, there
was robust glycine- or D-serine—primed depression of NMDAR
EPSCs at pyramidal neuron Schaffer collateral synapses and
glycine-primed recruitment of AP2. Thus, as predicted from our
findings with heterologously expressed recombinant NMDARsS,
forcing inclusion of the N1 cassette in native NMDARSs prevents
glycine or D-serine priming. That is, splicing out exon 5 in pyramidal
neurons permits this nonionotropic signaling by activating the
glycine site.

Surprisingly, given the robust and highly consistent glycine- or
D-serine—primed depression of NMDAR EPSCs at Schaffer
collateral synapses onto pyramidal neurons, at Schaffer collateral
synapses onto interneurons in stratum radiatum in wild-type mice,
glycine treatment had no effect on NMDAR ESPCs. Glycine- or
D-serine—primed depression of NMDAR EPSCs in interneurons
was recapitulated in slices from GluNla mice, indicating that
preventing inclusion of exon 5, and the N1 cassette, is sufficient to
allow nonionotropic signaling by glycine site activation in these
neurons. The lack of glycine- or D-serine—primed depression of
NMDAR EPSCs and the faster decay time of NMDAR EPSCs in
interneurons in the wild type and the rescue of glycine or D-serine
priming in GluN1a mice, together, suggest that synaptic NMDARs
in interneurons are normally composed of GluN1 subunits con-
taining the N1 cassette; that is exon 5 is normally included in GluN1
mRNA in these neurons. This interpretation is supported by recent
evidence from fluorescence-activated cell sorting (FACS)-sorted
cortical neurons in which interneurons have much lower levels of
GlIuN1 transcripts lacking exon 5 than do excitatory neurons (30).
Among the major subtypes of interneurons (parvalbumin, PV; so-
matostatin, SST; and vasoactive intestinal polypeptide, VIP) the
lowest level transcripts lacking exon 5, on average about 10%, are
expressed in the PV interneurons. PV interneurons are prominent
in stratum radiatum, and the very low level of exon 5-lacking
transcripts in these cells is consistent with our findings of no de-
tectable glycine-primed depression of synaptic NMDAR currents in
the interneurons we recorded.

PNAS | 9 of 11
https://doi.org/10.1073/pnas.2026411118

NEUROSCIENCE


https://doi.org/10.1073/pnas.2026411118

In pyramidal cells, the level of depression of NMDAR EPSCs
primed by glycine, ~40% depression, was similar to the level with
recombinant receptors expressing GluN1-la (compare Fig. 2 4
and B with Fig. 34 and B). In GluN1a mice, the degree of glycine-
primed depression of NMDAR EPSCs in pyramidal neurons was
not greater than that in the wild type (compare Fig. 3 4 and B with
Fig. 4 A and B). Thus, in pyramidal neurons in wild-type mice, the
nonionotropic glycine signaling effect of GluN1 subunits lacking
the N1 cassette appears to be maximal and dominates over any
effect of subunits containing N1 that may be present at synapses
(23). This interpretation is supported by the finding that in excit-
atory cortical neurons greater than 90% of GluN1, mRNA tran-
scripts have been found to lack exon 5 (30). The differential level of
exon 5 inclusion in excitatory versus inhibitory neurons—with nearly
all transcripts in the former lacking exon 5 and the majority in the
latter containing exon 5—provides an explanation for the dramatic
increase in glycine-stimulated recruitment of AP2 to the NMDAR
complex in hippocampal extracts from GluNla versus wild-type
mice (compare Fig. 3G and Fig. 4D). That is, forcing the exclusion
of exon 5, and thereby the N1 cassette, in interneurons of GluN1a
mice allows glycine-primed recruitment of AP2 to NMDARs in
these neurons, which was absent in the wild type. Whereas
in pyramidal neurons such recruitment is near maximum even
in wild-type mice and neither AP2 recruitment nor glycine-primed
depression of NMDAR EPSCs can be increased in these neurons
in GluN1a mice.

That glycine- or D-serine—stimulated depression of NMDAR
EPSCs can be prevented in pyramidal neurons in GluN1b mice
and imposed on interneurons in GluN1la mice demonstrates cell-
type—specific functional consequences attributable to the differ-
ences in splicing of exon 5. This differential alternative splicing in
pyramidal neurons versus inhibitory interneurons may be mediated
through differential action of splicing factor(s) in these two cell
types. An example of one such splicing factor is the RNA-binding
protein NOVA2, which has been found to control unique RNA
splicing programs in inhibitory and excitatory neurons (36). The
identity, or identities, of the splicing factor(s) responsible for the
differential splicing of GIuN1 exon 5 remains to be determined.

Differential splicing of Grinl exon 5 has been found to control
the level of hippocampal long-term potentiation (LTP) at Schaffer
collateral synapses on pyramidal neurons (23). The reduced LTP
observed in GluN1b mice could not be explained by a number of
factors, including basal transmission, synaptic NMDAR or AMPAR
currents, NMDAR to AMPAR ratio, magnesium block potency,
nor allosteric potentiation by magnesium or spermine (23). As a
result, it is conceivable that nonionotropic signaling by glycine
through GluN1 may be responsible for these differences and that
the lack of the N1 cassette may permit transmembrane signal
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transduction that is necessary for LTP in hippocampal pyramidal
neurons.

A consequence of the cell-type—specific differential splicing of
exon 5 may be that under circumstances where glycine or D-serine
are increased (37), NMDARs are unable to be down-regulated in
neurons in which exon 5 and the N1 cassette are present. One such
example is pathophysiological ischemia, where it is known that a
subpopulation of interneurons is preferentially sensitive to death
(38-40). It is conceivable that inclusion of exon 5 in these neurons
makes them unable to remove cell-surface NMDARs, thereby
causing their preferential sensitivity.

Additional examples of nonionotropic signaling of NMDARs
stimulated by glycine or D-serine are increasingly reported (7, 32, 41).
Our findings altogether uncover a previously unanticipated molecular
function for the N1 cassette, encoded by exon 5, in controlling
nonionotropic glycine site signaling through the GluN1 subunit
of NMDARs. We suggest that differential alternative splicing of
exon 5 may play important, cell-specific signaling roles as demon-
strated by the distinct phenotypes between CA1 pyramidal neurons
and interneurons within the hippocampus. Our findings raise the
possibility that the difference in exon 5 splicing in excitatory versus
inhibitory neurons generalizes throughout the CNS and may
thereby have widespread consequences for NMDAR-dependent
integration and circuit function.

Materials and Methods

Detailed experimental procedures on cell culture and transfection, ELISA,
confocal microscopy, immunoprecipitation and immunoblot for p2-adaptin
with NMDARs, whole-cell recording in recombinant NMDARs, hippocampal
slice electrophysiology, and two-photon imaging are provided in S/ Appendix.

Quantification and Statistical Analysis. All experiments were performed with
at least three individual mice or cell culture wells. Number of samples used in
each experiment are reported in the respective figure legends. Sigmaplot or R
was used for plots and statistical analysis. All data were tested for normality
before applying appropriate parametric or nonparametric test. Specific
statistic tests for each experiment are reported in their respective figure
legends. An alpha of 0.05 was used throughout this study. Asterisks symbolize
P values as follows *P < 0.05, **P < 0.01, and ***P < 0.001.

Data Availability. Data supporting the findings of this study are available
within the article and/or S/ Appendix. Higher quality Figs. 1 and 5 are available
at Figshare (DOI: 10.6084/m9.figshare.14802654 and DOI: 10.6084/m9.figshare.
14802663, respectively).
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